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ABSTRACT
Human exposure to blast waves, including blast-induced traumatic brain injury, is a de-
veloping field in medical research. Experiments with explosives have many disadvantages
including safety, cost, and required area for trials. Shock tubes provide an alternative method
to produce free field blast wave profiles. A compressed nitrogen shock tube experiment in-
strumented with static and reflective pressure taps is modeled using a numerical simulation.
The geometry of the numerical model is simplified and blast wave characteristics are derived
based upon static and pressure profiles. The pressure profiles are analyzed along the shock
tube centerline and radially away from the tube axis. The blast wave parameters found from
the pressure profiles provide guidelines for spatial location of a specimen. The location could
be based on multiple parameters and provides a distribution of anticipated pressure profiles
experience by the specimen.
1CHAPTER 1. MOTIVATION AND BACKGROUND
Blast waves are created any time an explosive is detonated. An open field, simple blast
wave is represented by a shock wave followed directly by an expansion wave. The combina-
tion of these two waves create a relative static over pressure followed by a duration of negative
relative static pressure which pulls mass back toward the center of the explosion. Explosives
have a variety of applications from recreation, to tools used for demolition, to their use as
propellants. Unfortunately, improvised explosive devices have seen an increase in usage in
terrorist attacks [25]. The blast waves created by these devices primarily cause injury with
the static over pressure wave which emanates spherically from the explosive source [44]. The
parts of the human body which are influenced greatly by the over pressure are the regions
filled by air including the lungs, digestive system, and middle ear [15], [41]. Air is a highly
compressible gas while other materials in the body, like muscle, bone, and water, are much
less compressible. The brain remains a highly sensitive organ and suffers injury from even
small variations of pressure inside the skull and research on mild traumatic brain injury has
developed increasing motivation [42]. A shock tube is utilized for recreating an open field
blast wave. The first document shock tube was created in the late 1800’s [53] and was explo-
sive driven. A compressed nitrogen experimental shock tube is numerically modeled. The
numerical model is extended to a compressed air shock tube which is used to characterize the
development of the blast wave upon expulsion from the shock tube exit.
1.1 Energy Distribution of Blast Waves in 1D and 3D
The strength and affected radius of the blast wave produced in an explosion is dependent
on the amount of chemical energy which is converted to internal and kinetic energy by the
2explosion. The energy of the explosion is distributed by the blast wave to the surrounding air.
The distribution of the energy into the surrounding flow is directly proportional to the volume
enveloped by the blast wave. A three dimensional, spherical blast wave, which emulates an
open air explosion, grows in volume at a rate of radius cubed. The cross sectional area of
the spherical blast wave grows as radius squared. A shock tube is capable of producing a
one dimensional, linear blast wave. The volume of the blast wave produced by the shock
tube assumes unit depth and unit height; thus, the volume of the blast wave inside the shock
tube grows at a rate equal to the radius from the blast wave source. A fixed area shock tube
produces a blast wave with a constant cross sectional area. Some experiments utilize a variable
area cross section shock tube or conduct research with the specimen external to an open-
ended shock tube[3],[19]. These two cases induce blast waves which are more similar to a
two dimensional blast wave which assumes a unit depth. The resulting volume of the two
dimensional blast wave varies with radius squared and the wave cross sectional area varies
with radius[33]. Dimensional representation of the blast wave is accurate for all dimensions,
but experiments need to account for the difference in hydrodynamic variable behavior behind
the leading shock wave for comparisons.
1.2 Shock Tube as an Alternative Blast Wave Source
Traumatic brain injury research has been conducted using conventional explosives, ex-
plosive based shock tubes, and compressed air shock tubes. Shock tubes provide an alter-
native method for creating blast waves for blast injury research. Shock tubes are safer, re-
quire less training, and don’t require permits or specialized holding facilities for storage of
explosives[16]. The explosive shock tubes have a lower cost than conventional explosive test-
ing because of the reduction in the amount of explosives needed to impose the desired energy
on the specimen[5]. Compressed gas shock tubes are significantly cheaper for air filled driver
sections, but become more expensive with the use of other gases like helium and nitrogen[43].
The reduction of blast wave testing to the one dimensional case described above allows for ex-
periments to be conducted in smaller areas[19].
31.3 Shock Tube Blast Wave Important Design Parameters
The blast wave profile which is produced by the shock tube is affected by many different
experimental parameters. The experiment details which influence blast wave profiles include
location of the specimen relative to the shock tube (internal or external), the method of blast
wave production (explosive or compressed gas), the driver gas for compressed gas experi-
ments, simple or complex wave profiles, and shock tube geometry.
1.3.1 Internal Versus External Specimen Placement
Experiments have provided characterization of pressure profiles blast waves produced
by shock tubes at internal and external locations. The may be conducted with internal or
external placement of the specimen with respect to the open-end of shock tubes. Nguyen et
al. characterize blast profiles created with compressed air for different locations inside the
shock tube as well at the tube end [35]. Needham provides analysis of work by McEntire
et al. to analyze the static static pressure distribution around a helmet placed internally,
externally, and in an open field explosion [30]. Needham specifically aims to characterize
the dynamic pressure to show similarities in static pressure for the cases, but emphasizes the
large difference in dynamic pressure between cases [34]. The specific location of the specimen
relative to the blast source and the tube end results in different blast profiles. The blast wave
produced by explosives produces an immediate blast wave which provides more freedom for
internal specimen placement. It is important that an internal specimen is not placed too close
to the open end of the shock tube due to the expansion wave which forms due to an under
expanded jet [37]. The compressed gas shock tube requires more tube length for the blast
wave to be achieve for internal specimen. For external specimen placement, both explosive
and compressed gas shock tube blast wave production decay after leaving the tube exit [16],
[60]. The external specimen should be placed near the end of the shock tube due to the
decaying behavior of the blast wave.
41.3.2 Changing Driver Section Gas and Explosives for Different Blast Profiles
The use of different driver gases for compressed gas shock tubes has shown a difference
in specific blast wave parameters which provide more flexibility in the production of the
blast wave. Sundaramurthy et al. characterizes the use of helium and nitrogen as alterna-
tive driver gases to produce different peak static over pressure durations as well as peak static
over pressures[49]. Explosive driven shock tube blast wave production has been characterized
by Courtney et al. for external specimen placement[16]. Reneer et al. perform a comparison
between explosive produced blast waves and compressed gas produced blast waves. Two dif-
ferent explosives and two different compressed gases are characterized to provide different
pressure wave behaviors[43].
1.3.3 Simple Wave vs Complex Wave
The simple blast wave is associated with a single peak static over pressure followed by
a single peak under pressure which returns the pressure to atmospheric. Explosions which
occur inside or around vehicles or buildings produce complex blast waves. Complex blast
waves may possess multiple over and under pressure peaks due to the reflected shocks from
surrounding objects. Blast wave studies can isolate specific blast wave parameters by repli-
cating simple waves, but future studies may benefit from the ability to produce consistent,
repeatable complex shock waves. The Large Blast Thermal Simulator designed by the De-
fense Atomic Support Agency has the ability to create a variety of blast wave profiles, but
experiences issues with reflected shock introducing noise into the pressure decay behind the
shock[36],[33]. Cernak et al. performs experiments using compressed helium as the driver
gas and have the ability to produce complex blast waves[10].
1.3.4 Shock Tube Geometric Influence
The shock tube geometry influences the production of the blast wave. The geometry pa-
rameters of the shock tube include the driver section length, the driven section length, the di-
ameter of each sections, length of transition regions between two different diameters, and the
5cross section shape of the tube. Sundaramurthy et al. provide details on the influence of differ-
ent driver section lengths on the blast wave development [49]. The driver and driven section
lengths and diameters were changed between experiments by Courtney et al. using an explo-
sive shock tube[16]. Panzer et al. looked at behavior for multiple driven section lengths[38].
The diameter of the shock tube can also largely influence boundary layer effects[46],[17] and
other non-ideal behavior [39].
1.3.5 Temperature Difference Between Explosive and Driven Gas
The recreation of a blast wave based on pressure profiles has been thoroughly investigated
as shown by the previous references. The temperature of the gas behind the blast wave is an
important facet which should not be overlooked. The distance of the target from the explo-
sive source may negate the temperature rise of the air around the target. The kinetics of the
explosion and the blast wave strength may be highly dependent on the temperature [17],[27].
The pressure profiles produced by a shock tube could replicate the open field blast wave, but
the temperature behind the blast wave in an explosive shock tube may be higher than a free
field blast or the temperature could be lower than a free field blast in a compressed gas tube.
1.4 Application of Shock Tube Produced Blast Waves in Medical Research
Blast wave research can be applied to different research ranging from testing military pro-
tection equipment to understanding anatomical responses from wave exposure. The medical
field has conducted research involving blast wave exposure at different scales. Explosives
strengths from nuclear bombs[33] to shoulder fired weapons[48]. The medical literature pro-
vides a plethora of different approaches for evaluating brain injury caused by blast wave expo-
sure. There is a number of medical researchers who have utilized internal and external speci-
men placement with different shock tube assemblies. The internal specimen research utilizes
explosive[44] and compressed gas based shock tubes including tubes with air [13],[57],[12] he-
lium [2],[26] as driver gases. The diameter between the driver and driven sections is changed
for an internal compressed air shock tube experiment[51].
6The external research is conducted with explosive and compressed air shock tubes[47].
Alley et al. use simplified synthetic gelatins and an explosive shock tube to simulate brain
tissue to examine the response to high strain-rate explosive blasts. The gelatin models are
placed at different locations aft the tube exit where blast over pressure and body acceleration
are measured[3]. Bo et al. develop a model for conducting external compressed air in vitro
testing on cell, tissue, and organ samples. A tissue culture plate is placed four centimeters
downstream of the tube exit facing the tube opening[7] Elsayed et al. use a compressed air
shock tube for external in vitro lung testing on sheep which are located at different distances
from the shock tube based on different desired peak over pressure values[19]. Long et al. use
the same compressed air shock tube for external in vivo brain testing with the rats secured
transverse to the tube exit and specimen are placed right at tube exit[28] Petras et al. use
a compressed air shock tube for external in vivo brain testing with rats also secured in the
transverse direction (side of head facing blast wave)[40] Rafaels et al. use rabbits to compare
pulmonary and brain injury fatality thresholds caused by blast waves. A compressed helium
shock tube is utilized with the specimen placed two centimeters from the tube exit face on to
the blast wave where the thorax is protected from the blast wave[42]. Yen et al. performed
in vitro research on rabbit lungs by examining the effects of external compressed air blast
wave exposure for rabbit lungs supported by a rigid plate. The intent of the rigid plate was to
replicate stiff surrounding organs and body structures [58].
1.5 Mitigate Blast Wave Obstruction, Experimental Mounts, Restraints, and
Instrumentation
A large number of medical articles use conventional explosives due to their uncompli-
cated, direct reproduction of blast waves. Any obstruction placed in the path of the blast
wave will alter the blast wave form. Specimen located in line and downstream of instru-
mentation or mounts will experience a different wave profile than specimen upstream [45].
Needham explains the need for experiments to be properly instrumented in order to provide
experimental results which may be recreated using a numerical simulation. The importance
7of appropriate instrumentation and specimen mounting is essential to prevent wave reflec-
tion which may introduce unintended variation from typical behaviors of a simple blast wave
[34].
8CHAPTER 2. ELUCIDATING THE ROLE OF COMPRESSION WAVES AND
IMPACT DURATION FOR GENERATING MILD TRAUMATIC BRAIN INJURY IN
RATS
A paper submitted to Brain Injury
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Smith2,3, Jason D. Huber3, Charles L. Rosen1, and Jonathan D. Regele4
1Department of Neurosurgery, School of Medicine, West Virginia University, Morgantown, WV
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Abstract
3.8 million concussions occur each year in the USA leading to acute functional deficits,
but the underlying histopathologic changes that occur are relatively unknown. In order to im-
prove understanding of acute injury mechanisms, appropriately designed preclinical models
must be utilized. The clinical relevance of compression wave injury models revolves around
the ability to produce consistent histopathologic deficits. Mild traumatic brain injuries acti-
vate similar neuroinflammatory cascades, cell death markers, and increases in amyloid pre-
cursor protein in both humans and rodents. Humans however infrequently succumb to mild
traumatic brain injuries and therefore the intensity and magnitude of impacts must be in-
ferred. Understanding compression wave properties and mechanical loading could help link
the histopathologic deficits seen in rodents to what might be happening in human brains
9following concussions. While the concept of linking duration and intensity of impact to sub-
sequent histopathologic deficits makes sense, numerical modeling of compression waves has
not been performed in this context. In this interdisciplinary work, numerical simulations
were performed to study the creation of compression waves in our experimental model. This
work was conducted in conjunction with a repetitive compression wave injury paradigm in
rats in order to better understand how the wave generation correlates with histopathologic
deficits.
2.1 Introduction
A table top compressed nitrogen shock tube is used to study the effects of blast waves on
externally placed rat specimens near the open end of a shock tube.In order to improve our
understanding of mild traumatic brain injury, it is necessary to utilize pre-clinical models
that produce relevant pathologic changes consistent with human brain injury. In previous
papers, we have described acute biochemical changes that occur within a rats brain following
compression-wave injury. In this work, a compression wave can be thought of as a mild form
of a blast wave. In a blast wave the pressure rises across a shock and then drops again through
an expansion wave. There is usually an under pressure region inside the expansion region.
The primary difference between blast and compression waves is that a blast wave typically
has a much larger pressure jump in the compression portion of the wave. In this work, a
compression wave can be thought of as a mild form of a blast wave. In fact, all blast waves
become weaker finite compression waves, and eventually acoustic waves, given sufficient dis-
tance from the blast origin. A thorough discussion on shock, expansion, and blast waves may
be found in the work by Needham [33].
A collaboration between the medical and engineering fields provides a multidisciplinary
project which delineate the wave dynamics associated with a medical clinically relevant model
and correlate the wave properties to observed histopathologic changes within the rats brain
post injury. Simulation and numerical modeling can be used to enhance our understanding of
the wave properties and how the rats skull may interact with this wave. These properties are
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critical for determining how mechanical injury causes lasting damage that ultimately leads to
behavior changes.
2.2 Numerical Approach
Numerical simulations are used to reconcile pressure profiles with the experimental setup
to confirm blast wave formation. The shock tube and the surrounding air may generally be
modeled by the compressible Navier-Stokes equations describing fluid flow. The flow pro-
duces a shock wave and an expansion wave propagating into stationary flow at atmospheric
conditions. The timescales of both phenomena are small relative to the timescale of the vis-
cous/diffusive terms within the Navier-Stokes equations. It follows that the boundary layers
formed near the interior of the shock tube will have a minimal influence on the flow. Thus,
the non-viscous Euler equations are used to simulate the blast waves generated from the table
top shock tube.
Figure 2.1 A two dimensional representation shows the geometric configuration of the prob-
lem.
Since the problem is axisymmetric, the axisymmetric Euler equations in cylindrical coor-
dinates [14]:
∂
(
r ~U
)
∂t
+
∂
(
r ~Fr
(
~U
))
∂r
+
∂
(
r ~Fx
(
~U
))
∂z
= ~G
(
~U
)
(2.1)
are solved where,
~U =

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(2.2)
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The ~U vector represents the conservative variables including density, ρ, r-momentum, ρur ,
x-momentum, ρux, and total energy, ρeT . The total energy per unit mass, specific energy, is
defined as the summation of the internal and kinetic energy:
eT =
p
ρ (γ − 1) +
1
2
(
u2r +u
2
x
)
(2.3)
The fluxes are represented by ~Fr
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)
and ~Fx
(
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and the geometric source term ~G
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)
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
~G =

0
p
0
0

(2.4)
The computational domain illustrated in Figure 2.2 shows the compression tube with a
large domain at the compression tube exit to capture the propagation of the blast wave after
it exits the tube. The surrounding fluid region is chosen to be large enough to capture the
transient evolution of the compression wave past the sensor two location without experiencing
any interactions with the domain boundaries until much later.
The burst of the diaphragm is modeled by using a discontinuous initial condition where
the pressure is higher in the driver section and lower outside. The initial velocity is zero and
the initial temperature is 20oC everywhere. The initial conditions across the diaphragm are
110 psi in the driver section and atmospheric conditions, 14.7 psi, in the driven section and
the domain outside the tube.
The governing equations are solved numerically using Star-CCM+. The Weiss-Smith Pre-
condition Roes Scheme [55] is used to discretize the physical domain into cells and the gov-
erning equations are solved with a finite volume scheme. The scheme uses a multidimensional
linear reconstruction to calculate the fluxes at each cell edge. The reconstruction uses a Taylor
series expansion at the cell face to retain higher order accuracy. A multiple stage Runge-Kutta
second order explicit scheme is utilized for the time integration [22]. The time-step used in
each simulation is determined using the Courant-Freidrich-Lewis (CFL) number. The CFL
number is defined as
CFL = (u + c)
∆t
∆x
(2.5)
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where u is the local fluid velocity and c is local speed of sound. The maximum CFL inside
the domain is used choose the time-step. The CFL number used for the simulations in this
work is 0.5.
A range of grid spacing is used in this work and range from 0.3175 cm to 0.0595 cm. A grid
sensitivity study is performed to ensure that the solution is not grid dependent. Computing
the L2 norm assesses grid sensitivity. The L2 error is calculated by comparing the solution for
the different mesh refinements to an exact solution. Since no exact solution is available, the
solution with the finest mesh is used as an exact solution. The L2 error may be represented as,
L2 =
(∫
PMesh − PExact2
)0.5
(2.6)
The L2 error value represents the error over an entire domain with individual contributions
from each cell.
2.3 Results
2.3.1 Compression Wave Formation
Figure 2.2 shows a sequence of pressure contours which illustrate the formation and prop-
agation of the blast wave. At t = 0, the diaphragm separates the fluid inside the driver section
at high pressure from the fluid inside the driven section at atmospheric pressure. Once the
diaphragm bursts, the t = 0.1ms frame shows that a shock wave moves to the left and an
expansion wave moves to the right. At t = 0.3 ms the shock wave has exited the tube and
expands in all directions. The exit of the shock wave creates an expansion wave that moves
inside the shock tube. The induced flow from the shock wave as it propagates to the left fur-
ther away from the shock tube creates a low pressure region behind the shock wave where the
pressure drops below atmospheric pressure.
2.3.2 Analyzing Blast Wave Behavior Along the Centerline
A one-dimensional axis is selected down the center of the shock tube to evaluate the error.
The pressure values along the axis are compared between different mesh refinements at a
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Figure 2.2 Domain pressure profile shown at different times provides initial conditions and
follows the shock and expansion wave development and propagation.
physical time of 1 millisecond. Figure 2.3 shows the L2 error as a function of grid spacing on a
log-log scale. The solution with the finest resolution is used as an exact solution. Figure 2.3
also shows that the slope is 1.841, which indicates that the solution is converging at a rate
between first and second order accuracy. This convergence rate is consistent with the schemes
accuracy since the reconstruction step makes the solution second order accurate everywhere
except at discontinuities such as shocks and contact discontinuities.
Figure 2.4 shows a contour plot of pressure on an x-t diagram using the solution data lo-
cated along the axis in the center of the shock tube. The green dashed lines in Figure 2.4
represent the analytical solution for an ideal shock tube. Looking exclusively at the shock
wave and the head of the expansion wave propagation, both phenomena are represented rel-
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Figure 2.3 A log-log plot shows converging simulation results with increasing grid resolu-
tion.
atively accurately compared to a purely 1-D shock tube case. It may also be seen that the
expansion wave reflects off the driver wall at t = 0.4ms and begins propagating in the direc-
tion of the shock wave. The solid blue lines represent the end of the shock tube and the initial
diaphragm location. When the shock exits the shock tube at t = 1.5ms an expansion wave is
created as the wave expands radially outward in all directions. The contour shows that the
pressure behind the transmitted pressure wave decays with distance from the tube exit. The
red dashed lines represent the locations of each of the pressure transducers in the experiment.
2.3.3 Comparing Numerical and Experimental Results
Pressure readings are obtained using pressure taps at specific locations within the com-
pression tube and at the location where the rat will be placed. Figure Figure 2.1 provides
the geometry and location of each of the sensors from the experiment. The pressures versus
time profiles were analyzed for each pressure sensor placed linearly. The waves were mapped
and quantified with MATLAB as previously published [50]. Three transducers were then
placed in the same plane at the edge of the tube. These three transducers showed variation
in the pressure histories, which suggests that non-planar shock waves are produced. This
non-planar wave behavior is likely caused by inconsistent burst patterns of the diaphragm.
The diaphragms are scored in similar patterns with a press to improve the planarity of the
wave. Since there is some planar variability in pressure histories from case to case, an average
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Figure 2.4 An x-t pressure contour plot shows the evolution of the shock and expansion
waves after the diaphragm bursts.
pressure history is calculated using 7 membrane ruptures. The averaged pressure histories
are then readily compared with the simulation results. The mean peak over-pressure for the
first, second, and third sensors are 23, 22, and 22 psi, respectively. The standard deviation
in the peak over-pressure for these three locations are 5.5, 12, and 3.5 psi, respectively. The
standard deviation for sensor 2 is noticeably higher than the other two sensors. The wave
non-planarity that exists at the tube exit is likely intensified once the shock leaves the tube,
which may explain the much higher standard deviation for sensor 2. Future versions of this
blast model should include a significantly longer driven section (8-10 tube diameters[6],[9])
to allow the shock wave to become more planar before exiting the tube.
Figure 2.5 shows the gauge pressure (pressure relative to atmospheric) for the three differ-
ent sensors. Both the averaged experimental data and the numerical simulation are shown for
sensors 1 and 3. The pressure histories of the experimental data were shifted to match the time
of peak pressure occurrence. The time shift allows an average between pressure profiles and
direct comparison between the averaged experiment and the simulation. The second pressure
sensor is oriented for the experiment as a reflected sensor where the pressure transducer is
pointed into the flow direction. The pressure tap is held within a large metal plate approxi-
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Figure 2.5 A line plot provides a comparison between experiment and simulation.
mately two inches from the end of the shock tube. In this configuration, the pressure history
recorded at sensor two provides an estimate of the static and dynamic pressures experienced
by the specimen. Since the simulation focuses on wave propagation and does not include a
reflected plate, only the experimental pressure is shown for sensor two. The pressure history
for sensor two shows a typical compression wave shape with a rapid rise in pressure until the
pressure reaches about 20 psi, which corresponds to a shock. The pressure continues to rise
further until it decreases again through an expansion wave. The pressure reaches ambient
(zero) pressure again by 1.75ms.
The third sensor shows the same general trend between the experiment and the simula-
tion. The over-pressure does not reach the peak value observed in the simulation and the rise
time is finite. The lower peak pressure and more gradual pressure increase indicate a wave
that more closely resembles a strong compression wave. This is likely due to incomplete or
partial diaphragm rupture. However, since the pressure ratio across the diaphragm is suffi-
ciently large to create a shock (approximately 7.5), the wave created inside of the tube from
the diaphragm burst will still be regarded as a shock wave. It can also be seen that the time
scale of the pressure recovery matches between the simulation and the experiment. This pres-
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sure recovery occurs from the shock exiting the tube and the expansion wave travels inside.
The first sensor is near the exit of the tube and shows a similar behavior between the
experiment and the simulation. The peak of the simulation is almost twice the magnitude
of the experiment. Similar to the third sensor, the first sensor pressure recovery timescale is
consistent between the experiment and the simulation.
2.4 Conclusion
The numerical simulations contained in this work show that the tabletop model produces
a pressure wave consistent with a compression wave. The expansion wave is created after the
shock wave exits the shock tube and combines with the shock wave to produce the compres-
sion wave. The simulation results correlated well with the model recordings for sensor one
and sensor three. The wave duration for the numerical simulation at the sensor two location
was five times shorter than that observed from the averaged pressure transducer history. This
suggests that obstacles in the flow can significantly alter incident wave profiles. Compres-
sion waves such as these can cause rapid acceleration/deceleration contributing to damage at
density gradients within the brain[8]. This type of injury from compression waves is most
frequently seen in clinics due to athletic concussions and motor vehicle collisions[18]. In this
multidisciplinary paper, we show that the tabletop model creates compression waves and that
these waves cause significant acceleration/deceleration injury measured with immunohisto-
chemistry.
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Abstract
Improvised Explosive Devices (IEDs) frequently impact civilians and military personnel
around the world. Since the 1970s, human exposure to blast waves created by these explo-
sions has become an area of developing importance in medical research. Open-end shock
tubes are low cost, low risk, and allow for quick experimental trial replication. The design
of the experiment is important for reproducing an open field blast wave. A specimen may
be placed outside the open end of the shock tube to analyze the effects of blast waves on the
specimen. Numerical simulations track the blast wave after leaving the shock tube. The “jet
effect” is produced by the exhausting gases of the high pressure region. It is characterized
using the difference in static and dynamic pressure downstream of the tube exit for different
pressure ratios. Blast wave parameters are defined and described to provide guidelines on the
experimental spatial placement of a specimen to experience specific blast wave profiles.
3.1 Introduction
Unfortunately, the increased usage of improvised explosive devices in recent years exposes
civilian and military personnel around the world to blast waves. The force and shrapnel
expelled during explosions can be deadly, but may also permanently injure survivors. A blast
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Figure 3.1 Simple Blast Wave Static Pressure Profile
wave has multiple injury causing mechanisms [44]. Depending on the distance of the victim
from the explosion, one or more of the injuries may occur [31]. The primary mechanism
is the overpressure wave which is caused by the rapid expansion of gas from the source of
the explosion. The overpressure wave predominantly affects the hollow, air-filled cavities in
the human body, like the middle ear, digestive system, and lungs [15],[41]. Improved chest
protection has reduced the number of injuries and deaths from lung trauma in blast victims
[54]. Thus, mild traumatic brain injury (mTBI) has become more prevalent [42]. Experiments
can provide a better understanding of blast wave factors which cause mTBI.
A simple blast wave, as shown in Figure 3.1, is produced when the explosion occurs in an
open air environment. The simple blast wave represents the pressure experienced by a point
at a fixed distance from the explosion. Initially, the point starts at atmospheric pressure and
elevates to a peak overpressure value once the shock wave arrives. The peak overpressure can
be instantaneous or it may occur over a specific length of time. After the shock wave propa-
gates past the point, it is directly followed by an expansion wave which causes the pressure to
drop below the original atmospheric pressure. The pressure drops below atmospheric pres-
sure due to the negative gauge pressure produced by rapid expansion of the gas, known as
the blast wind [11],[56],[1]. The blast wind produces a peak under pressure which requires a
period of time before returning to atmospheric pressure. The simple blast wave represented
in Figure 3.1 discerns the peak static over pressure, the over pressure duration, the decay to
the under pressure, the peak static under pressure, and the under pressure duration which
may be used to characterize the production and development of the wave [20],[49]. Reneer
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et al. analyzed the effects of blast-induced peak static over pressure using rat test specimens
and a multi-mode shock tube which allows explosives or compressed gas to produce the blast
wave. The animals were exposed to different peak overpressure values and the impacts can be
seen directly by the relative amount of vascular damage developed from the higher pressures
[43].
The compressed air driven shock tube has been used in a number of experiments [47], [7],
[19], [28], [40], [58]. If experiments are designed correctly, the shock tube can also provide
reproducible results [51]. It is important that appropriate steps are taken to reduce the in-
fluence of non-ideal diaphragm ruptures [29],[35]. Houas et al. show the effects of non-ideal
diaphragm aperture openings [21]. Yu and Gronig examine the development of shock waves
leaving an open-ended tube with different cross sectional shapes [60]. Needham et al. pro-
vide further difficulties of using shock tubes for blast research including the incorrect sizing
of shock tubes for internally placed specimen, accounting for jet eﬄux influence for external
tube specimen placement, and the importance of appropriate instrumentation and the place-
ment of the instrumentation to minimize impact on results [34]. Yu et al. examined the effects
of reducing driven section diameter from the driver section to reduce pressure attenuation in
explosive based shock tubes [59]. Further implications using a compressed gas shock tube in-
clude correctly sizing the geometry of the tube to create a blast wave at a specific location and
ensuring the specimen is placed at that location to ensure the pressure wave created closely
emulates a blast wave.
Computational fluid dynamics are used to to characterize the blast wave produced by the
jet eﬄux leaving the tube. The blast wave development downstream of the tube exit may be
tracked along the tube centerline for different pressure ratios. The “jet effect” caused by the
exhausting of the high pressure gases described by [34] and [24] including the concentration
of dynamic pressure is quantified along the centerline. The radially dependency of the “jet
effect” away from the centerline axis is analyzed to describe expected blast wave profiles for
different locations relative to the tube exit. Simulations provide an accurate, quick, cheap
method for optimizing and characterizing experimental design using a shock tube. A nu-
merical model provides access to hydrodynamic properties of the flow which are difficult to
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Figure 3.2 2D Shock Tube Experimental Model
measure experimentally and provides further validation of the desired blast wave character-
istics. The numerical model provides characterization of an unobstructed blast wave upon
leaving the end of the tube. The blast wave is described along the centerline by analyzing the
development of static and dynamic pressure profiles downstream of the tube exit. After ana-
lyzing the “jet effect” along the centerline, the wave is characterized using static and dynamic
pressure histories at locations away from the centerline of the shock tube.
A simplified model of a shock tube experimental setup is shown in Figure 3.2. The high
pressure section is called the driver section while the low pressure section is known as the
driven section. The shock tube is a fixed area tube and the cross sectional area remains con-
stant for the length of the tube. The pressure ratio between the low pressure region and the
high pressure section may be controlled using different thicknesses of mylar diaphragms. The
specimen may be placed at any location downstream of the shock tube. After characterizing
a blast wave, guidelines for specimen placement for a desired blast wave exposure may be
produced.
3.2 Problem Statement
3.2.1 Nomenclature
The characterization of the blast wave based on static and dynamic pressure requires an
establishment of definitions and relationships to properly describe the wave. Static pressure
represents the side-on, gas pressure created by the interaction between particles of gas. The
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static pressure is expressed as an absolute pressure which defines zero pressure as a vacuum.
The static pressure may also be defined relative to a reference pressure and measured using a
static pressure gauge. The gauge static pressure can be positive or negative and represents the
pressure relative to the reference pressure,P ′0, generally atmospheric pressure is chosen as the
reference. The relationship between absolute static pressure, P ′S,A, and gauge static pressure,
P ′S,G, is shown in Equation 3.1. The prime quantities indicate dimensional quantities. Gauge
static pressure is generally measured by mounting a pressure transducer with a normal direc-
tion perpendicular to the traveling direction of the blast wave.
P ′S,G = P
′
S,A − P ′0 (3.1)
The dynamic pressure represents the pressure caused by the kinetic energy of the flow.
Dynamic pressure is represented in Equation 3.2,
P ′D =
1
2
ρ′ |v′ |2 (3.2)
where ρ′ is the density of the gas and |v′ | is the magnitude of the velocity of the fluid. The
dynamic pressure should be reported for all future experiments. It is important for under-
standing and reproducing experimental results [34]
The total or stagnation pressure is the combination of the static and dynamic pressures.
Total pressure accounts for dynamic pressures by assuming the fluid is adiabatically (no heat
added) decelerated to rest which transfers kinetic energy to internal energy. The total pressure
is expressed in Equation 3.3,
P ′T = P ′S,A + P
′
D (3.3)
where P ′S,A is the absolute static pressure and P
′
D is the dynamic pressure.
The peak over pressure is defined as the maximum pressure increase due to the blast
wave. The over pressure duration is defined as the time beginning when the over pressure
rises above zero and ending when the pressure drops back to zero. The peak static under
pressure is defined as the maximum pressure decrease under zero. The static under pressure
duration is defined as the time beginning where the over pressure ends at the point where
pressure drops to zero. The static under pressure duration ends when the pressure recovers
23
back to zero. The decay time is represented as the time difference between the peak static over
pressure occurrence and the peak static under pressure occurrence [20]. Pressure impulse is
calculated by integrating, area under the curve, the pressure versus time history. The pressure
impulse represents the amount of energy within the blast wave including the energy which
will be transferred to the specimen [34]. It is important to note that the gauge static pressures
and dynamic pressure discussed are reported relative to zero. The static pressure parameters
could be defined relative to the absolute static pressure and would be based around a reference
pressure.
3.2.2 Governing Equations
The transient physics of the shock tube may be captured using the compressible Navier-
Stokes equations. The timescales associated with blast wave formation are small relative to
the diffusive/viscous terms inside the Navier-Stokes equations. Therefore, the viscous terms
may be neglected and the Navier-Stokes equations simplify to the Euler equations. The non-
dimensional form of the axisymmetric Euler equations in cylindrical coordinates may be writ-
ten in conservative form [14]:
∂
(
r ~U
)
∂t
+
∂
(
r ~Fr
(
~U
))
∂r
+
∂
(
r ~Fx
(
~U
))
∂x
= ~G
(
~U
)
(3.4)
where,
~U =

ρ
ρur
ρux
ρeT

(3.5)
The ~U vector represents the conservative variables including density, ρ, r-momentum, ρur ,
x-momentum, ρux, and total energy, ρeT . The total energy per unit mass, specific energy, is
defined as the summation of the internal and kinetic energy:
eT =
p
ρ (γ − 1) +
1
2
(
u2r +u
2
x
)
(3.6)
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Table 3.1 Non-dimensional variable declarations (prime quantities indicate dimensional
quantities)
Density ρ =
ρ′
ρ′0
Specific Total Energy eT =
e′T
ρ′0
(
a′0
)2
Length x =
x′
R′
Velocity v =
v′
a′0
Acoustic Timescale t′a =
R′
a′0
Time t =
t′
t′a
Pressure P =
P ′
P ′0
Gauge Static Pressure PS,G =
P ′S,G
P ′0
=
P ′S,A − P ′0
P ′0
The fluxes are represented by ~Fr
(
~U
)
and ~Fx
(
~U
)
and the geometric source term ~G
(
~U
)
,
~Fr =

ρur
ρu2r + p
ρuxur
(ρeT + p)ur
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~Fx =
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ρux
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ρu2z + p
(ρeT + p)ux
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~G =

0
p
0
0

(3.7)
An axisymmetric simulation preserves three dimensional properties by solving the same con-
servative variables. Non-dimensional definitions of the thermodynamic variables are listed
in Table 3.1. The prime quantities reflect variables with dimensional units. The reference
conditions are denoted by the subscript 0 which is considered atmospheric conditions in the
plenum. The acoustic time scale, t′a, is defined based upon the time required for the reference
speed of sound, a′0 =
√
γP ′0/ρ′0, to travel the characteristic distance of the dimensional tube
inner radius, R′. The specific heat ratio of air is represented by γ .
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Figure 3.3 Non-Dimensional Simplified Domain, Distances Relative to Tube Inner Radius,
R′
3.2.3 Computational Geometry
The simulation is based around the cylindrical geometry of the experimental rat model in
Figure 3.2. The radius of the shock tube is the non-dimensionalization constant for length,
thus it becomes one. The radius of the shock tube is selected based off the suggested blockage
ratio from Needham [34]. Needham provides guidelines to appropriately size tubes to prevent
a concentration of dynamic pressures. The average size of a Sprague-Dawley rat, assumed to
have a two inch diameter, provided a specimen diameter and the shock tube radius could
be determined with a 10% blockage ratio. The simulation emulates the diaphragm burst by
initializing the high pressure region to the desired pressure ratio at non-dimensional time
is t = t′/t′a = 0. The centerline of the domain in Figure 3.3 is defined using axisymmetric
boundary conditions. The walls of the shock tube are represented as adiabatic slip walls. The
exterior boundaries of the domain are selected as 10R′, where R′ is dimensional tube inner
radius, tall and 21R′ wide. The large plenum of atmospheric air allows the wave to propa-
gate freely downstream with minimal influence from the domain boundaries. The plenum
boundaries are non-reflecting, allowing the wave to propagate out of the domain upon inter-
action with the outer domain limits. Blast wave research is conducted using a variety of peak
over pressure values. The approach developed below is applicable to multiple pressure ratios
to characterize more experiments. Multiple pressure ratios allow for comparison of pressure
profiles between weak, low pressure ratio, and strong, high pressure ratio, shock waves. Four
different pressure ratios of 3, 5, 10, and 20 are analyzed. The initial development of the solu-
tion technique is defined using the smallest pressure ratio of 3.
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3.2.4 Numerical Methods
The commercial computational fluid dynamics software Star CCM+ is used to perform
the numerical simulation. The computational domain is split into small cells which use the
Weiss-Smith Preconditioned Roe Scheme [55], an inviscid flux difference splitting scheme, to
solve the governing equations at the center of each cell using a finite volume scheme. The
scheme uses a multidimensional linear reconstruction which uses surrounding cell averages
to improve the accuracy of the flux of the solution variables between the cells. The spatial
discretization is 1st order accurate near shocks and a 2nd order accurate upwind scheme
throughout the rest of the domain. The Venkatakrishnan limiter is used for shock capturing
prevents new local minima or maxima [52]. The shock tube problem is an unsteady, transient
problem and needs temporal discretization. The technique used is a multi-stage Runge-Kutta
second order explicit scheme [22]. The number of stages required for desired accuracy and
stability is detailed by [23]. The CFL number which ensures time integration stability is cho-
sen to be 0.5 for the simulation.
3.3 Results
3.3.1 General Behavior
The diaphragm in the simulation “ruptures”1 at t = t′/t′a = 0 . Upon rupture, as seen
in Figure 3.4 at t = 0.50, a shock wave begins to propagate to the right down the driven
section of the shock tube. The compression due to the shock wave requires an expansion
wave to propagate to the left. As time progresses, the shock wave continues to propagate to
the right, but the expansion wave from the diaphragm rupture reflects off the high pressure
shock tube wall, see beginning of reflection in Figure 3.4 at t = 0.50. After reflection, the
expansion propagates to the right but the shock wave is already close to the exit of the shock
tube. Another expansion is formed as the shock wave leaves the end of the tube due to the
shock spreading out as it is expelled. The new expansion wave propagates to the left into
the tube but is much weaker relative to the initial expansion. A vortex forms at the exit of
1Rupture represented by high pressure initialization as described in Section 3.2.3
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Figure 3.4 2D Axisymmetric Pressure Contour Through Time for PR = 3
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the shock tube behind the shock wave as it propagates downstream from the tube exit. The
vortex is most easily seen in Figure 3.4 at t = 9 [32].
The shock wave is tracked after leaving the end of the shock tube by sweeping through
the x-direction at every y-location in the domain to locate the maximum gradient of absolute
static pressure. The jump in pressure created by the shock wave creates a large pressure
gradient at the shock front. A minimum gradient epsilon of 0.5% above reference pressure
provided a lower bound to the pressure gradient to prevent the plenum pressures unaffected
by shock from being located as part of the shock. The white squares represent the shock
location and show how the shock disperses further downstream from the exit of the tube.
It is also evident that the shock wave strength reduces as it propagates downstream. The
proliferation of the shock is a contributing factor to the reduction of the shock strength. Based
on visual inspection in Figure 3.4 between t = 4.5 and 9.0, it is evident that the shock wave
is more normal upon tube exit than downstream at a later time where it appears to be more
circular.
(a) PR = 3.0 (b) PR = 20.0
Figure 3.5 Shock Wave Growth and Development Downstream of Tube Exit for Pressure Ra-
tios 3(a) and 20(b)
Figure 3.5 shows different pressure ratios and the shock wave development downstream
of the shock tube exit (x = 5). The shock wave is plotted at ten different time locations with
a time change of ∆t ≈ 1 The more transparent lines represent the shock at an earlier time.
The last shock location in the simulation is shown by the fully opaque solid line with circle
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markers. It is apparent that the higher pressure ratios create shock waves which travel more
quickly downstream based on the final shock location. All pressure ratios start as normal
shocks with a slight non-planarity at the top of the shock due to the shock growth effects.
The lower pressure ratios develop into circular shocks earlier downstream than the higher
pressure ratios. The higher pressure ratios develop into elongated shocks and become more
circular further downstream.
3.3.2 Centerline Gauge Static Pressure Attenuation
The centerline pressure measures the rate at which the pressure jump across the shock
wave attenuates while shock propagates downstream. Figure 3.6 shows the pressure jump
remains constant for approximately one and a half tube radii downstream of the exit and
follows with an exponential drop for all pressure ratios at x = 5. The delay of the decay of the
shock after leaving the tube may be caused by the ”jet effect” and the gases leaving the shock
tube exit. The decay of the pressure follows a similar behavior among all the pressure ratios
with convergence to reference pressure.
Figure 3.6 Centerline Shock Wave Pressure Attenuation
3.3.3 Centerline Blast Wave Gauge Static and Dynamic Pressure
Eulerian pressure probes placed along the centerline of the shock tube provide static and
dynamic pressure profiles versus time history which a specimen placed at that location would
experience. In Figure 3.7, five locations near the end of the shock tube, X = 4, 5, 6, 7, 8,
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Pressure Ratio is 3.0
(a) (b)
Pressure Ratio is 5.0
(c) (d)
Pressure Ratio is 10.0
(e) (f)
Pressure Ratio is 20.0
(g) (h)
Figure 3.7 Eulerian Static and Dynamic Pressure Along Centerline for Multiple Pressure Ra-
tios, PR = 3, 5, 10, 20
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show the rapid decay of the simple blast wave for different pressure ratios. These results
are consistent with Courtney et al. showing blast over pressure profile decays to a non-blast
pressure profile within one tube diameter of exit [16]. One tube radius inside the shock tube
and at the tube exit, the blast wave possesses distinct peak over pressure, decay, and peak
under pressure phases of the static pressure. Upon exit of the tube, the blast wave loses peak
static over and under pressure strength and the peak static over pressure reduces to a peak
rather than a plateau which is more representative of a blast wave. At the higher pressure
ratios, the peak static under pressure duration and decay time increase and secondary peak
static over pressures are encountered.
The static pressure experience by the specimen is important, but the dynamic pressure
can be vastly higher near the tube exit than a free field blast wave [34]. The dynamic pressure
is a measure of the “blast throw” or the acceleration of the specimen due to drag induced
forces from the movement of the flow. Baker provides details about scaled experimental inci-
dent blast wave peak static over pressure and peak dynamic over pressures at different scaled
lengths from the center of the free field explosion [4]. The ratio between the dynamic and
static pressure near the explosive source is roughly six and further from the explosion core,
the ratio drops to 1/10 near a scaled distance of approximately 1.5. The scaled parameters are
based off the explosive energy contained within the non-scaled explosive. Needham discusses
the “jet effect” at the end of an open-end shock tube and the production of dynamic peak
pressures around three times higher than a free field blast and dynamic impulses around
six times higher than free field blasts [34]. In Figure 3.7(g) and Figure 3.7(h), the dynamic
pressure magnitude is up to twice the static over pressure for the pressure ratio of 20. The
complex static pressure profiles and higher dynamic pressure magnitudes for higher pressure
ratios produce blast wave pressure profiles unlike open field explosions. Figure 3.8 shows the
ratio between peak dynamic over pressure and peak static overpressure of the blast wave at all
x-locations along the centerline downstream of the tube exit. [37] discuss the development of
barrel shock and Mach disk at pressure ratios higher than 15 explaining the jump in dynamic
pressure for the pressure ratio of 20. As seen in Figure 3.8, the higher pressure ratios develop
higher dynamic peak over pressures relative to the gauge static peak over pressures. It is im-
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portant to understand the ratio between the dynamic and static pressure profiles and thus the
lowest pressure ratio of 3 is used to define blast wave characteristics along the centerline.
Figure 3.8 Centerline Ratio between Peak Dynamic Over Pressure and Peak Static Over Pres-
sure for PR = 3,5,10,20
From the five positions shown in Figure 3.7(a) for a pressure ratio of 3, a blast wave is pro-
duced near the tube exit and the blast wave decays as it travels downstream of the tube exit
for a multiple pressure ratios. The five static pressure parameters mentioned in Figure 3.1
may be characterized along the centerline of the domain for the shock propagation during the
simulation. The blast wave is broken down into non-dimensional pressure based parameters
which are the peak over pressure value and the peak under pressure value. These values are
expressed with respect to gauge static pressure and therefore values lower than zero represent
the under pressure phase of the blast wave. The peak over pressure and peak under pressure
values in Figure 3.9(a), are highest and lowest respectively near the exit of the shock tube at
x = 5. As the wave propagates downstream, the gauge static pressures approach reference
conditions as anticipated [33]. The peak gauge static over pressure, under pressure, and de-
cay time are characterized in Figure 3.9(b). Based on the desired blast wave characteristics,
the distribution of these blast wave parameters along the centerline provides details about
placement of the specimen. The influence of the magnified dynamic pressure near the exit
of the shock tube may produce undesired blast wave characteristics and thus regions further
downstream of the exit should be utilized.
The eﬄux of gases downstream of the tube exit creates increased dynamic pressure behav-
ior. The centerline pressure plots in Figure 3.8 show the dynamic pressure peak to the gauge
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(a) Peak Pressure, Pressure Ratio is 3 (b) Time Duration, Pressure Ratio is 3
Figure 3.9 Centerline Blast Wave Parameters, Pressure Ratio is 3
static pressure peak drops further downstream of the exit for the pressure ratio of three. The
growth of the spherical blast wave may provide more useful experimental testing locations
away from the axis of the shock tube and the influence of the “jet effect”.
3.3.4 Off-Axis Blast Wave Static and Dynamic Pressure Behavior
The characterization of the blast wave parameters along the centerline axis of the shock
tube may be extended to describe the parameters radially spaced away from the centerline.
The “jet effect” is characterized and the dependence in the radial direction provides more loca-
tions which experience a simple blast wave. The “jet effect” caused by the exhaust gases takes
the form of a cone shape downstream of the tube exit [24]. The spherical growth of the blast
wave after expulsion of the tube should develop desired free field static and dynamic pressure
profiles outside the influence of the “jet effect” near the tube exit. The 2D axisymmetric blast
front location originating at 6 different centerline x-locations provide locations for Eulerian
probes to define blast wave characteristics in the 2D axisymmetric spatial domain.
Eulerian pressure probes are placed at all points along the blast wave front starting at six
different centerline shock locations, x = 5.3, 7.7, 9.9, 12, 14, 16, for a pressure ratio of three.
The probe locations are shown in Figure 3.10.
The blast wave parameters are characterized similar to the centerline. The probe locations
which are located at different x and r locations provide a similar pressure versus time history.
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Figure 3.10 Blast wave tracked at 6 locations downstream of tube exit, Red dots represent
Eulerian pressure probes of shock locations
The results of the Eulerian probes at five different points throughout the shocks originating
at x = 5.3(A), 7.7(B), and 14(C) are shown in Figure 3.11 for the pressure ratio of 3.
The static pressure at x = 5.3 in Figure 3.11 shows the general form of a simple blast wave
for all points, but shows a reduction in peak static over and under pressures further away from
axis. The results track the pressure profiles for a length of time twice as long as the centerline
pressure vs time histories. The longer time allows for the blast wave to fully propagate past all
the Eulerian probes, especially those located further downstream of the tube exit. The longer
simulation shows a reflected shock from the inside of the shock tube. Specimen placed at these
locations would encounter the entire pressure history at the specific location. The dynamic
pressure at x = 5.3 shows similar dynamic behavior to Figure 3.7. It is seen that the dynamic
pressure peaks near the radius of the tube. The peak is due to the vortex forming as the blast
wave leaves the tube. The dynamic pressure for all x and r-locations for the shock originating
at x = 5.3 shows that the exhausting of the high pressure gases only occurs at early times in
the simulation and no longer influence the pressure profile later. Further radially outward, it
can be seen at x = 5.0, r = 1.4 the peak dynamic pressure becomes significantly smaller than
the centerline which would indicate that the probe location lies outside of the “jet effect”.
The static pressure at x = 7.7 in Figure 3.11 shows blast wave profiles with lower peak
static over and under pressures in the x and r direction. The reflected shock is seen most
prominently along the centerline, but has a lower peak static over pressure. The dynamic
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Shock Starting At Centerline x = 5.3 (A in Figure 3.10)
(a) (b)
Shock Starting At Centerline x = 7.7 (B in Figure 3.10)
(c) (d)
Shock Starting At Centerline x = 14.0 (C in Figure 3.10)
(e) (f)
Figure 3.11 Off-axis (2D axisymmetric) Eulerian gauge static and dynamic pressure histories,
pressure ratio is 3
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pressure at all x and r locations for the beginning of the simulation drops to a significantly
lower value than the centerline x = 5.3 dynamic pressures. The large increase in dynamic
pressure at x = 7.7, r = 0 and x = 7.6, r = 0.9 is due to the vortex propagating downstream of
the tube. The shock locations further away from the axes in the radial direction retain a low
dynamic pressure throughout the entire simulation.
The static pressure at x = 14 in Figure 3.11 produces blast wave profiles at all locations.
The blast wave has propagated far downstream and only produces a peak over pressure at
the centerline of around a 5% increase. The dynamic pressure near the centerline axis of the
shock tube is higher due to the bulk movement of the gas behind the blast wave. All shock
locations at the shock location originating at the centerline location x = 14 possess dynamic
peak over pressures less than an order of magnitude lower than the static peak over pressures.
The pressure histories at each of the Eulerian probe locations shown in Figure 3.10 can
be used to define blast wave parameters experienced at the corresponding location. After
finding the blast wave parameters, similar to the centerline shown in Figure 3.7, the values
at the different shock front locations can be linearly interpolated onto a 2D axisymmetric
domain to provide a distribution of expected parameter values.
The peak static over pressure contour in Figure 3.12(a) shows the highest peak static over
pressures occur near the exit of the shock tube and reduce to the reference pressure more
quickly in the radial direction versus the x-direction. The peak over pressure duration in Fig-
ure 3.12(b) shows the duration increases further away from the tube exit in the radial and
x-directions. The small region of lower duration is due to the vortex present at the tube exit.
The peak over pressure impulse provides the amount of energy within the blast wave [34].
The impulse is the calculated area under the curve of the pressure curve above reference.
Figure 3.12(c) presents the gauge static over pressure impulse using a base 10 log scale. The
purpose of the log scale is to provide a more detailed representation of the variable across
a range of varying magnitudes. If the experiment requires specimen placement between be-
tween two contour levels, a base 10 logarithmic interpolation would need to be utilized. All
of the following contour plots use the base 10 logarithmic scale to present results. The static
pressure behavior is important for recreating desired blast wave profiles, but it is also impor-
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(a) Peak Over Pressure (POP) (b) Over Pressure (OP) Duration
(c) OP Impulse
Figure 3.12 Static Over Pressure Wave Parameters for PR = 3
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tant to examine the dynamic pressure to ensure the open field blast is properly represented.
(a) POP (b) OP Impulse
Figure 3.13 Dynamic Pressure, Wave Parameters for PR = 3
The peak dynamic over pressure characterized in Figure 3.13 shows the influence of the
“jet effect” caused by the exhausting high pressure gases and/or the influence of the vortex
near the exit of the shock tube. As explained in Subsection 3.3.3, the dynamic pressure should
be recorded for desired experiments [34]. The dynamic pressure impulse is calculated similar
to the static pressure impulse. It shows the amount of energy in the blast wave due to the
kinetic energy from the movement of the flow. In Figure 3.13, the results are presented with
a base 10 logarithmic scale as explained in the gauge static overpressure impulse section.
Experiments which aim to replicate an open field blast at a specific distance should utilize
ratios between the dynamic and static pressures at various scaled distances from the explosive
center [4]. Figure 3.14 provides a spatial distribution of the ratios between the dynamic over
pressure impulse and the static over pressure impulse. The smaller ratios indicate a more
dominant static over pressure impulse.
Kirk et al. use a compressed air shock tube to characterize the peak total over pressure
parameters at different locations in the 2D axisymmetric domain [24]. The total pressure
accounts for the combination of the “crushing” static pressure and the “throwing” dynamic
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(a) Impulse Ratio
Figure 3.14 Ratio of Dynamic Over Pressure Impulse and Static Peak Over Pressure Impulse
for PR = 3
pressure [33]. The shock tube used by Kirk had a pressure ratio of 52. The larger pressure
ratio generates a peak total over pressure magnitude significantly higher than the over pres-
sures developed from the simulation with a pressure ratio of three in Figure 3.12. The peak
total over pressure measurements possess higher magnitudes, but the highest total pressure
occurs near the tube exit and drops in magnitude in the radial and y-direction downstream of
the tube exit. The reduction in peak total over pressure is similar to the behavior of the peak
static over pressure from the simulation in Figure 3.12. The peak total over pressure duration
measured by Kirk, after non-dimensionalization using the shock tube radius and atmospheric
speed of sound, produces durations of similar magnitude to the numerical simulation in Fig-
ure 3.12. The distribution of the over pressure durations from Kirk possess similar behavior
to the simulation near the tube exit at the edge of the tube. Similar to the peak total over pres-
sure, the larger pressure ratio of the experiment produces peak total pressure impulses which
are much higher than those produced by the simulation in Figure 3.12. The distribution of
the impulse, though lower in magnitude, is similar to the impulse map from the simulation.
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3.4 Conclusion
Mild traumatic brain injury due to exposure to blast over pressure waves requires accu-
rate understanding of the physics and phenomena associated with experimental techniques
and the production of the blast wave. The numerical simulation of a compressed air shock
tube with an external specimen placement provides details about hydrodynamic properties
of the blast wave impacting and transmitting through the specimen. The blast wave front
is analyzed downstream of the shock tube exit using a maximum pressure gradient tracking
technique. Eulerian probes placed along the centerline of the shock tube provide the static
and dynamic pressure behavior to characterize the “jet effect” of the exhausting high pressure
gases for four different pressure ratios. The higher pressure ratios develop a higher dynamic
pressure near the tube exit along the centerline and the “jet effect” propagates further down-
stream. Blast wave parameters including the peak over pressure, peak over pressure duration,
peak under pressure, peak under pressure duration, and decay time are profiled along the
centerline of the shock tube downstream of the tube exit. The region outside of the “jet effect”
is analyzed by placing Eulerian probes away from the axis of the shock tube and downstream
of the tube exit. The probes are located at the blast wave front at six different times to account
for the distance traveled and the growth of the wave. The blast wave parameters are defined
in the 2D axisymmetric domain which provides the spatial distribution of the expected blast
parameters and the influence of the “jet effect” by finding the ratio between the static and
dynamic pressure profile characteristics. Finally, the blast wave front planarity is measured
using curvature. The blast wave is a planar shock for a short duration downstream of the tube
exit and is non-planar further downstream. The design of an experiment using a shock tube
is important for producing reproducible, accurate representations of blast waves. These nu-
merical simulation results provide guidelines for specimen placement in the design of future
experiments.
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CHAPTER 4. SUMMARY OF CONTRIBUTIONS
4.1 General Conclusions
The field of blast wave research has been around for many years. A large portion of the
characterization of explosives has been based on experimental results. The advancement of
computational fluid dynamics (CFD) in the previous 30 years, more prominently in the last
decade, has provided the computational resources for simulating these explosive scenarios.
The complex problem associated with blast induced neurotrauma underscores the need for
highly interdisciplinary work. The interdependence of the physics of the explosion and the
anatomical impact on the brain require a thorough understanding of physics and neurology
to design a proper experiment. The open-end compressed gas shock tube is one method for
replicating an open field explosion. An open-end shock tube experiment is analyzed and re-
sults were compared to a numerical simulation. The numerical modeling of the experimental
shock tube provided an introduction to develop simulations for further characterization of a
blast wave. The static and dynamic pressure are two key thermodynamic parameters deter-
mined to drive further understanding of the blast wave signature. The parameters defined
from the pressure profiles are found along the centerline and radially away from the center-
line of the shock tube. The spatial distribution of the blast parameters provides a guideline
for experimental specimen placement to experience specific blast wave behaviors. The spatial
mappings provide a breakdown of the pressure physics of the blast wave and allow experi-
mentalists to isolate the injuries or damage from specific portions of the blast wave.
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4.2 Future Work
The first area which may be explored in future work is the development of shock tube stud-
ies which account for different driven to driver section length ratios. The differing length ra-
tios would provide research opportunities in numerically characterizing non-ideal diaphragm
ruptures and the non-planar wave converging to planarity down the tube. The length ratio
also determines the blast wave profile as it exits the shock tube. A tube with a smaller ratio
produces a blast wave with a plateau peak over pressure while a larger ratio can allow the ex-
pansion wave behind the shock wave to reduce the overall strength of the shock before leaving
the tube. The second area which could be researched is the changing of the shock tube shape
and diameter. There are a number of experiments which use square shock tubes, conical to
square expanding transition sections, and tapered open-ends. These geometric changes could
reduce wave reflections. The third recommendation for future research is conducting simula-
tions using different driving gases within the driver section. The literature has shown helium
and nitrogen as alternatives to air.
The fourth future work suggestion would investigate the temperatures and densities of the
compressed gas shock tube. The temperatures should be correlated between explosive driven
shock tubes and open field explosions to further detail the accuracy of the reproduced blast
wave. The fifth and final future work which could be expanded upon is the tracking of the
blast wave front and the analysis of its planarity based on curvature. An introduction to the
investigation is provided in Appendix A. The curvature of the blast wave could be used to
characterize the planarity of the blast wave which the specimen is exposed. The curvature
provides a relationship between the geometry of the blast wave and the size of the specimen.
Victims exposed to blast waves from larger explosions would expect to experience a more
planar (normal) blast wave than those exposed to waves from smaller explosions.
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APPENDIX A. TRACKING BLAST WAVE FRONT
A.1 Curvature of the Blast Wave
By the time a blast wave impacts a specimen, the radius of the blast is assumed to be large
in comparison to the size of the specimen. Thus, a planar wave is considered a realistic model
to replicate blast wave exposure. The assumption is directed for strong explosive blasts [49].
Weaker explosive blasts may produce traumatic brain injury with more spherical waves. It is
important to differentiate between these cases when interpreting the results. The strong blast
wave model requires the blast wave produced by exiting the shock tube to remain as planar
as possible during interaction. The shock wave shape may be captured numerically using
curvature which gives a direct indication of the local planarity of the shock. The analytical
curvature may be defined for an arbitrary function, y, as a function of x:
κ =
d2y
dx2(
1 +
[
dy
dx
]2)3/2 , (A.1)
where x represents the non-dimensional x-location of the shock and y represents the non-
dimensional y-location of the shock.
A 3-point full least squares method is used to calculate the local curvature at each point
within the shock using one point on either side of the point of interest to fit a circle. The least
squares logic fits a function to data points which produce the minimum amount of cumulative
error between the points and the fitted function. A circle fitted function is applied due to the
direct relation between the radius of the circle and the curvature of the circle.
The numerical solution for the flow thermodynamics is calculated at the centers of each
cell in the computational domain. The finite volume scheme associates all solution values
inside a specific cell as equal to the value at that cell center. Looking at one cell which con-
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tains the shock, the shock could be physically located anywhere within the edges of that cell.
Figure A.1 demonstrates the original shock location values using square markers at t = 5.25.
The shock tracking technique, based off of the original flow simulation output, can only rep-
resent the shock location at cell intersections (indicated by lighter solid lines). Based on the
three point least squares fit with a circle for curvature calculations, the location of the shock
at cell intersections only provides a few different possible values of curvature, which creates
noisy curvature along the shock wave. In order to improve the oscillations, one x-upstream
and one x-downstream point at each y-location provide the second and third points required
to fit a parabola to the pressure gradient profile. A new shock location was found by locating
the local maximum in the x-direction of the fitted parabola function at each y-location. The
parabola introduced continuity back into the shock location by allowing the shock location
between cell intersections and may be seen in Figure A.1.
Figure A.1 Original Shock Location vs Parabola Correction at T ime = 5.25
Despite the improvements made by using the fitted parabola, Figure A.2 shows oscillations
in curvature, which do not represent the expected smooth, continuous change in shock wave
curvature. Improvement in the oscillatory behavior is achieved by dividing the shock wave
into two sections, a normal section and a curved section. The Levenberg-Marquardt Least
Square Fit for a 5th order over a 4th order polynomial is used to make an 11 point curve fit to
the curved section of the shock. After fitting a function to the curved section, the analytical
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curvature Equation A.1 may be revisited. The normal section of the shock wave is represented
by a relatively straight vertical line starting at the centerline and ending at the point where
the shock transitions to the curved section.
Figure A.2 Parabola and Fitted Function Corrected Shock Curvature and Location at
T ime = 5.25
The fitted function for the curved section of the shock wave provides useful data to char-
acterize the blast wave. An issue with the fitted curved shock function is a discontinuity is
created in the curvature value at the transition region between the normal and the curved
sections of the shock wave. The curved fitted function does not fit the curved section near the
normal shock as closely as required for continuity in the curvature. The curvature is impor-
tant for determining the planarity of the shock. The location of the transition region is the
point where the shock becomes non-planar. Therefore, the discontinuous curvature created
by the fitted function is negligible for the planarity results.
A.2 Planarity Normal-Curved Transition
As described in Section A.1, the curvature provides a method for tracking the shock devel-
opment after leaving the shock tube. Curvature values near zero represent a locally normal
shock wave and curvature values with a finite value represent non-planar shocks. The shock
is more planar with lower curvature values. The shock wave is split into a vertical, planar
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Figure A.3 Tracking Curved-Normal Transition Region of Shock Wave (Allocating Locations
Experiencing Wave Planarity)
shock section and a curved, non-planar shock section allowing a fitted analytical function for
the curved section. Figure A.3 tracks the transition region where the shock changes from a
planar normal shock to a non-planar curved shock based on the shock curvature for different
pressure ratios. In order to maximize wave planarity for TBI studies, the specimen should
be placed below the line to ensure planar blast wave exposure. The lines locate the transi-
Figure A.4 2D Axisymmetric Blast Wave Front Curvature for Pressure Ratio of 3
tion region by comparing shock curvature value to a small curvature threshold near zero. All
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pressure ratios produce a shock which leaves the tube at x = 5 where the initial shock wave
is almost completely normal. The top of the shocks are already seen to begin transition due
to the spreading of the shock. The pressure ratios all produce a similar behavior where the
normal shock decays to a fully non-planar curved shock within one and a half tube radii.
The tracking of the blast wave front upon expulsion from the shock tube exit shows the
planarity of the shock quickly decays downstream. The tracking of the curvature may be
expanded to the 2D axisymmetric domain. The distribution of the curvature of the blast wave
away from the centerline axis downstream of the tube exit is shown in Figure A.4.
The curvature in Figure A.4 is presented using a base 10 logarithmic scale. The logarithmic
scale provides more higher visible detail over the varying magnitude range. The curvature
has develops the smallest values near the tube exit which indicates a planar, or straight, wave
front. The wave develops a higher curvature value localized at the end of the shock tube
between one and three tube radii away from the centerline. The high curvature is likely due
to the vortex formation at the end of the tube. The discontinuity in curvature due to the fitted
function of the curved shock and the straight line of the normal shock could also influence
these curvature values.
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